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The Middle America trench is formed by the subduction of the Cocos and Rivera plates under the Caribbean 
and North American plates. The subduction interface presents low coupling in Central America showing its 
seismicity a high frequency of outer-rise normal fault earthquakes. These outer-rise earthquakes are gener­
ated on the inherited structures of the seafloor-spreading fabric during the subducting plate bending. We 
analyze focal mechanism data in combination with the available structural data of the outer-rise normal 
faults in order to constrain the rupture characteristics of the outer-rise normal earthquakes. A new empirical 
scaling relationship is developed to define earthquake magnitudes from normal fault dimensions in the 
outer-rise context. We numerically model the tsunami wave propagation due to the worst outer-rise 
tsunamigenic source in the area to estimate its damaging potential. Wave elevations higher than 2 m are 
common at the coast in front of the fault extent, with maximum wave elevations of 8 m. The capability of 
these faults to generate ocean-wide tsunamis is low, however, they can produce significant tsunamis locally. 
Earthquake scaling-relation 
1. Introduction 
Although less frequent than the subduction thrust earthquakes, the 
outer-rise normal earthquakes have generated destructive tsunamis in 
the past (e.g. Fujii and Satake, 2008; Gusman et al, 2009; Satake et al, 
1992). As was pointed out by Satake et aL (1992): "This has important im­
plications to future hazard assessment, particularly from tsllllamis, since 
most hypothetical tsunamis have been assumed to be generated from llll­
derthrusting events associated with subduction"; specially in those subduc­
tion zones where the tsllllamigenic underthrusting events are not usual 
The Middle America trench is formed by the subduction of the Cocos 
and Rivera plates under the Caribbean and North American plates 
(Fig. 1). This trench can be divided into two main segments: the Mexi­
can and the Central American; where the upper plate is respectively the 
North American and the Caribbean. The tectonics on both segments is 
markedly different due to the motion of the respective upper plates 
(Fig. 1). While the North American plate is moving towards the trench, 
the Caribbean plate is moving in the opposite direction, away from the 
trench (Burbach et aL, 1984). This fact makes the coupling on both 
segments of the subduction different and hence the seismic behavior 
too. The Mexican segment is coupled while the Central American 
is uncoupled (Mvarez-Gomez et aL, 2008; Guzman-Speziale and 
Gomez-Gonzalez, 2006; Lyon-Caen et aL, 2006; Pacheco et aL, 1993). 
One of the characteristics of the low coupled subductions is the high fre­
quency of normal intraslab earthquakes in the upper part of the slab, 
particularly the outer-rise earthqual<es (Christensen and Ruff, 1988); 
due to the efficient transmission of the slab pull forces towards the 
upper part of the subducting plate (Conrad et aL, 2004). These intraslab 
earthquakes are probably the largest events in uncoupled subduction 
zones, rather than the underthrusting events (Sa take et aL, 1992). 
The bathymetry of the Middle America Trench offshore of Central 
America shows a very clear pattern of outer-rise normal faulting (Ranero 
et aL, 2003, 2005) and the frequency of outer-rise normal earthquakes is 
high compared to other subduction zones worldwide, comparable to the 
activity of other low-coupled subductions like Marianas or Sllllda. 
Considering the history of tsunamis in Central America, the local 
sources are those that present the greatest threat. Fig. 2 shows the epi­
centers of the sources of tsunamis in Central America according to the 
work of Femandez (2002). To these we added the recent events of 
Chile in 2010 and Japan in 2011, that also were recorded in Central 
America. From the distant sources only the event of 195 7 in the Aleutian 
Islands generated notable damage. This event caused victims in El Sal­
vador causing major damage to the port of Acajutla. Of the tsunamis 
that have hit the Pacific coast of Central America only 4 have been gen­
erated by distant sources (including the two recent tsunamis of Chile 
and Japan) versus 30 local events (considering also local the event 
that occurred in 1906 off the coast of Colombia) 7 of which were dam­
aging (Fig. 2). Local tsunamis associated with the subduction zone have 
Fig. 1. Tectonic setting of the Middle America Trench. The arrows show the direction and magnitude of the plate motions taking the North American Plate fixed from the model 
GSRM 1.2 (Kreemer et al.. 2003): the label is the motion magnitude in mmjyear. The triangles show the position of the Holocene volcanoes (Siebert and Simkin. 2002). Cross 
symbols represent the shallow seismicity «50 km) and squares the rest of the seismic Global CMT catalog (Ekstrtim et al.. 2012). 
been classically attributed to earthquakes due to subduction of the 
Cocos plate under the Caribbean plate (Femandez et al., 2000) although 
no details of the focal mechanism exist. The outer-rise normal earth­
quakes are common in Central America and may play an important 
role as local sources of destructive tsunamis. 
In this work we analyze available structural and seismic data in order 
to characterize the potential outer -rise normal seismic tslll1amigenic 
sources. In addition we numerically model the tsunami wave propaga­
tion due to the worst case outer-rise tslll1amigenic source in the area. 
2. Analysis ofthe seismicity 
In order to constrain the orientation parameters of the potential 
outer-rise tsunamigenic sources we have used the Global CMT seismic 
catalog (Ekstr6m et al., 2012) to analyze the focal mechanism charac­
teristics of the outer-rise seismicity. This catalog has been filtered in 
order to select the outer-rise normal earthquakes. The geographical 
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Fig. 2. Tsunami catalog ofthe pacific coast of Central America The map shows the epicenters 
of the events. White circles: nondestructive tsunamis. Black circles: damaging tsunamis. The 
data is from Femandez (2002) except for the recent events of Chile 2010 and Japan 2011. 
extension of the seismic data is shown in Fig. 3 and comprises earth­
quakes since 1976 with magnitudes Mw between 4.5 and 8.0. 
The catalog is composed of 1871 events that have been classified 
by the rupture type using the classification diagram shown in Fig. 3 
(Alvarez Gomez, 2009). 440 events of the catalog are normal or 
normal-directional, 695 are strike-slip or strike-slip with dip-slip 
component and 736 are reverse or reverse-directional. 
The outer-rise events have been selected applying a distance filter 
from the trench and a depth threshold: a band of 100 km from the 
trench and a maximum depth of 50 km (Fig. 4). The maximum depth 
of 50 km is an initial assumption, but below it will be shown that a max­
imum depth of 30 km for the occurrence of these outer-rise normal 
earthquakes is a good estimation, in accordance with previous works 
(Chapple and Forsyth, 1979; Lefeldt and Grevemeyer, 2008; Spence, 
1986). From the 440 normal events of the catalog 31 are located near 
the trench and shallower than 30 km deep. 
We used the program ZMAP (Wiemer, 2001) in order to obtain the 
b-value of the Gutenberg-Richter law for these events (Fig. 5). The 
value obtained is 1.02, close to the value of 1, proposed as universal 
for the law, specially on small earthquakes (Andrews, 1980; Hanks, 
1979; Olsson, 1999). The range of magnitudes for the calculation of 
the law and the number of events is limited, although the range of 
variation of the b-value is not large. 
From the b-value obtained we can estimate return periods for this 
kind of outer-rise earthquakes. The annual rate for an earthquake 
with magnitude Mi or greater is defined by the equation: 
I\Mi = exp a-{3Mi, (1 ) 
wherea=a xln(10) and {3=b xln(10); a and b are the parameters of 
the Gutenberg-Richter law. The return period is defined as the inverse 
of the annual rate of exceedance: T= l,11\.Mi. In Table 1 the return pe­
riods for the exceedance of several magnitudes are shown. The values 
of the return period range between 2 years for a magnitude 5.5 earth­
quake and 560 years for a magnitude 7.9 earthquake (the maximum 
magnitude estimated from the geology in this work as shown below). 
Table 1 
Return periods for outer-rise normal earthquakes in the Middle America Trench. See 
explanation in the text. 
Magnitude (Mw) 
Return period (years) 
5.5 6.0 6.5 
2.00 6.46 20.89 
7.5 
218.77 
_1100 _1000 -90' -80' 
-1 -100' -90· -80' 
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Fig. 3. Global CMT catalog (Ekstrom et al.. 2012). The color of the compressional quadrants of the "beach-balls" shows the type of rupture following the classification diagram. 
From the analysis of the focal mechanism of the events we can 
obtain key parameters for the study of the seismic source: hypocen­
tral depth, magnitude, strike, dip and rake. We show the variation 
of these parameters along the trench in Fig. 6, the profile situation 
is shown in Fig. 4. The parameters have been obtained from the Seis­
mic Moment Tensor of the Global CMT catalog (Ekstr6m et al., 2012) 
using an Octave code based partially in the Gasperini and Vannucci 
(2003) FORTRAN algorithms (Alvarez Gamez, 2009). 
2.1. Depth 
This parameter is crucial not only because the capacity of the 
earthquake to generate surface deformation depends on the depth, 
but also for its maximum depth of rupture, which will be a key factor 
in determining the maximum magnitude of the event. In Fig. 6a 
the hypocentral depth variation of the normal fault events in the sub­
duction in the first 50 km is shown. The two distinct populations of 
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events are clearly visible. The shallow events «30 km) are the poten­
tial causes of tsunamis and have been marked in dark gray on all 
graphs. The deeper normal earthquakes (>30 km) are intraplate 
events on the subducting plate, whose capacity to lead directly to sur­
face deformation, and therefore to generate tsunamis, is very low and 
are not considered in this work. Although the depth is used to be the 
worst constrained parameter of the focal mechanism the two sub­
groups are well defined. As mentioned earlier, shallow normal fault 
events are especially common in the trench off the coast of Guatemala, 
El Salvador and Nicaragua (Fig. 4). 
2.2. Magnitude 
While obtaining the expected maximum magnitude of an earth­
quake based on the seismic catalog is complex to do, forcing us to 
make assumptions and simplifications, the spatial distribution of 
magnitudes depending on the tectonic context and rupture depth 
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Fig. 4. Map of selected events for the analysis; all of them are of normal type occurring at depths shallower than 50 km. The black line shows the profile used to project the events 
for Fig. 6. the empty circles show the transition between segments marked with dashed lines in Fig. 6. 
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Fig. 5. Frequency vs. magnitude Gutenberg-Richter relation for outer-rise seismicity 
in the study area. The events selected are of normal type and produced at depths 
shallower than 30 km. Upward triangles show the frequency for each magnitude bin 
(0.1). squares show the cumulative frequency. the downward filled triangle shows 
the Magnitude of completeness (Mc). The dashed line is the projection of the best 
fitting maximum likelihood estimate of the Gutenberg-Richter law. 
can help us to establish a zoning or dependence of the magnitude on 
the earthquake location. In Fig. 6b can be seen that the maximum 
magnitudes recorded in recent decades for the shallow events (dark 
gray) are around Mw 6.3-6.5. There is no clear variation on the 
magnitudes of the shallow events along the trench, showing a relative 
homogeneity of the outer-rise normal faulting seismicity in Central 
America from the Gulf of Tehuantepec to Costa Rica. 
2.3. Strike 
This parameter determines the orientation of the bulge of de­
formation generated by the earthquake and the main direction of prop­
agation of the tsunami energy. Fig. 6c shows two distinct populations of 
directions: one with values of N1200E and the other with values of 
N3000E These directions correspond to the strike of the pattern of oce­
anic crust generation in the Eastern Pacific Ridge; the different value is 
just due to the opposite dip directions of the nodal planes in the focal 
mechanism (giving the 180° difference). These faults can be observed 
in the subducting slab on the outer side of the trench (Ranero et al., 
2003, 2005). The strikes are fairly constant throughout the trench, 
with the exception of the westernmost part of the Mexican subduction, 
and slight variations in Costa Rica. 
2.4. Dip 
Depending on the dip of the fault plane, the deformation caused 
by the earthquake will be transmitted to a greater or lesser extent 
to the surface. This parameter is critical when estimating the variables 
used in the numerical models. Again two distinct populations are 
shown, although in this case the variation along the subduction is 
quite evident (Fig. 6d). In the Mexican trench both families of dips 
remain approximately constant at 30° and 60°; while passing the 
Gulf of Tehuantepec both families take values of about 40° and 55° 
respectively. This approaching of the values indicates a maximum 
stress Ut verticalization, which could be explained by a more efficient 
transmission of the tensile stresses generated by slab pull on the 
subducted plate. In Costa Rica the dip populations tend to separate 
again to values of 20° and 70°. 
2.5. Rake 
The pitch of the slip vector on the fault plane determines how 
much of the deformation generated by the earthquake is transmitted 
in vertical and horizontal components. This parameter, along with 
the dip and the magnitude of the displacement in the rupture, is de­
cisive in the amount of strain that is transmitted as vertical deforma­
tion to the seafloor. In the case of rake (Fig. 6e) two distinct 
populations cannot be seen. Although with some small variations, 
the population tends to present a mean rake of _90°, with the ma­
jority of the population between -60° and -120°. Although slight, 
a tendency to decrease in the value of rake from the Gulf of 
Tehuantepec to Costa Rica exists. The values go from -85° in Guate­
mala to -95° in Nicaragua and Costa Rica, that is, from events with a 
very slight left-lateral component to a very slight right-lateral 
component. 
As a conclusion of this analysis we can define some parameters 
confidently in the Central American trench from the Tehuantepec 
Ridge to the subduction of the Cocos Ridge in Costa Rica. The param­
eters of the nodal planes of the outer-rise normal earthquakes are 
fairly constant and coherent. 
3. Analysis of the tectonic structures 
Ranero et al. (2005) published a map of outer-rise structures of 
the Middle America Trench from Guatemala to Costa Rica (Fig. 7). 
Although they did not cover all the trench from the Tehuantepec 
Ridge, the amount of data can be considered representative of 
the structural pattern of the Cocos plate. We have analyzed these 
structures in order to constrain some geometric parameters of the 
ruptures. 
It is generally accepted that the outer-rise earthquakes take place 
on faults generated initially in the mid ocean ridges (Masson, 1991). 
The bending of the subducting slab under the upper plate and the ten­
sile stresses of the slab-pull reactivate these faults, giving rise to these 
characteristic earthquakes on this tectonic context. In low coupled 
subduction zones a better transmission of the tensile stresses toward 
the trench exists (Christensen and Ruff, 1988; Conrad et al., 2004), 
which makes these normal fault earthquakes more frequent than in 
the rest of the subduction zones. 
We digitized the structures mapped by Ranero et al. (2005) and 
we analyzed the frequency of fault directions representing them in 
a rose diagram (Fig. 7). We have found strike values ranging from 
N3000E to N3300E in the trench from Guatemala to Nicaragua. 
These directions are in the same range of those described in the 
nodal planes of the focal mechanisms of the outer-rise shallow earth­
quakes (Fig. 6). We can infer that these events are therefore generat­
ed by these faults as has been proposed previously (Ranero et al., 
2005). 
In the trench off Costa Rica there is a change in the directions of 
faults from N3000E-N3300E to N2500E-N2800E directions. This is due 
to a change in the pattern of fracturing. East of the Nicoya Peninsula 
appears the subduction of the Cocos ridge, with roughness and 
morphologycal characteristics very different to that in the oceanic 
crust generated at the Pacific Ridge. 
If the faults mapped by Ranero et at. (2005) are responsible for the 
outer-rise seismicity, then they are potential outer-rise tsunamigenic 
sources of the subduction in Central America. As we have seen, the 
maximum magnitude recorded in these outer-rise events in Central 
America, is Mw 6.5. However, in the last century, several such events 
with magnitudes near 8 or higher have occurred in the world, some 
of them resulting in major tsunamis (Table 2) (Beavan et al., 2010; 
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Gusman et al., 2009; Kirby et al., 2008; Satake et al., 1992; Tanioka 
et aI., 2008). 
Usually the way to obtain geological maximum magnitudes is by 
means of empirical scaling relations. To estimate the maximum earth­
quake these equations relate the magnitude of the potential earth­
quake with known dimensions of the fault. Such relationships have 
been studied for earthquakes in continental crust (e.g. Stirling et al., 
2002; Wells and Coppersmith, 1994) and are the basis for many 
seismotectonic studies and seismic hazard analyses and, unfortunate­
ly, even in studies of tsunamis generated in subduction zones or 
oceanic crust. The variability of the relations is high, not only between 
different rheological behavior crusts, but also between different 
regions and tectonic settings (Dowrick and Rhoades, 2004; Strasser 
et aI., 2010). 
The problem with these outer-rise faults is the lack of data on 
the characteristics of the ruptures. In Table 2 is presented a series 
of cases in which rupture features have been estimated for major 
outer-rise events. These parameters have been obtained from 
inverted teleseismic data and/or distribution of aftershocks (Abe, 
1972; Beck and Christensen, 1991; Fromm et al., 2006; Fuji i and 
Sa.take, 2008; Kanamori, 1971; Kirby et al., 2008; Lynnes and Lay, 
1988; Satake et aI., 1992; Spence, 1986; Yoshida et aI., 1992) or ob­
servations of tsunami waves (Gusman et al., 2009; Tanioka et al., 
2008). 
To estimate appropriate magnitudes for the faults in this tectonic 
context we have developed a specific scale relation for these outer­
rise events. This relation is based on parameters obtained from the 
literature (Table 2). The scarcity of data from these events is compen­
sated by the selection of truly representative events of this type of pro­
cess. In Fig. 8 the results obtained for the relationships magnitude­
length and magnitude-area of rupture are shown. 
To select the most appropriate scale relation, assuming that any­
one of the two relations presented is sufficiently representative 
(Table 3), we obtained the magnitudes Mw from mapped fault lengths 
and areas (based on these lengths and assuming a rupture area with 
L/W= 1 until the maximum seismogenic depth is reached). We have 
set the maximum seismogenic depth at 30 km, according to the analysis 
of the seismicity and to the compiled bibliographic data (Table 2). 
Similarly, the dip selected as characteristic for these ruptures is 45c, 
consistent with both bibliographic data and focal mechanisms data. 
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Fig. 7. Outer-rise normal faults are mapped by Ranero et al. (2005). The rose diagrams show the accumulated lengths of the faults as function of the strikes with 5° bins; the arrow 
shows the mean strike for the fault population. 
We studied the frequency distribution of magnitudes for compari­
son with the Gutenberg-Richter law obtained from the seismicity 
(Fig. 5). Fig. 9 shows these laws for all normal faults of the trench. The 
area scaling relation (Fig. 9a) yields a b-value of 1 of the Gutenberg­
Richter law, while for the length scaling relation (Fig. 9b) this value is 
considerably higher. 
The b-values of the Gutenberg-Richter law are very similar in the 
outer-rise seismicity and on the outer-rise normal faults with the 
magnitude obtained with the Mj..\/'"""Area relation. According to this 
similarity we use this relationship to obtain the dimension parameters 
needed to characterize the tsunamigenic ruptures in the outer-rise 
normal faults. 
In Fig. 10 are shown those faults mapped by Ranero et al. (2005) 
whose magnitudes are greater than Mw 6.5. Among these are a series 
of faults capable of generating earthquakes of magnitudes greater 
than 7.5 Mw. The worst case of these sources is mapped off the 
coast of Nicaragua, with an estimated maximum magnitude Mw 7.9. 
From the geometry obtained from the study of seismicity and map­
ping, and the earthquake magnitude from the scaling relationship, 
Table 2 
Rupture parameters of the compiled outer-rise great events. 
Id. Date Place Mw Length Width 
dd/mm/yyyy km km 
, 03/02/1933 Sanriku 8.4 185 100 
b 03/02/1933 Sanriku 8.4 220 35 
c 30/03/1965 Rat Island 7.2 50 80 
d 30/03/1965 Rat Island 7.2 50 40 
, 19/08/1977 Sunda 82 200 70 
f 19/08/1977 Sunda 82 200 25 
g 04/05/1990 Mariana 7.3 40 25 
h 04/05/1990 Mariana 7.3 70 40 
04/05/1990 Mariana 7.3 70 40 
j 04/09/2001 Juan Fernandez Ridge 6.7 70 26 
k 13/01/2007 KurU 7.9 120 40 
I 13/01/2007 KurU 80 130 30 
we have parametrized the worst case for its use as tsunami source 
(Table 4). 
4. Tsunami propagation model 
To estimate the tsunamigenic potential of the outer-rise normal 
faults in Central America we made propagation numerical models 
using the worst case of those obtained. The worst case source is a 
fault with a length of 85 km located off the coast of Nicaragua, for 
which we calculated a potential magnitude Mw 7.9 (Fig. 10). 
In order to study the hazard associated to these faults in Central 
America we computed wave propagations along the Middle American 
trench using the worst case characteristics. 12 propagations of the 
worst case were made, from the Tehuantepec gulf, in Mexico, to Costa 
Rica (Supplementary data). 
We used the numerical model of propagation C3 (Olabarrieta 
et al., 2011). This model uses a finite difference method for propaga­
tion at sea (adapting the model COMCOT (Uu et al., 1995)) and finite 
Bottom Dip Slip Rigidity Reference 
km m Nm-2 
70 45 3.3 Kanamori (1971) 
25 45 8 7.0x101o Kirby et al. (2008) 
60 50 1.2 7.0x101o Abe (1972) 
30 50 6 5.0x101o Beck and Christensen (1991) 
40 45 3 6.4x101o Gusman et al. (2009) 
29 45 9 4.0x101o Spence (1986). Lynnes and Lay (1988) 
29 48 3.4 4.0x101o Satake et al. (1992) 
40 48 1.5 4.0x101o Satake et al. (1992) 
48 Yoshida et al. (1992) 
30 51 4.0x101o Fromm et al. (2006) 
35 45 1.9 5.0x101o Fujii and Satake (2008) 
37 6.4 4.0x101o Tanioka et al. (2008) 
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Fig. 8. Scaling relations obtained from compiled big outer-rise earthquakes compared with 
previous relations for continental crust normal earthquakes (Wells and Coppersmith.. 
1994) and subduction intraslab earthquakes (Strasser et al.. 2010). Black circles and text 
show the events compiled; see Table 2 for further details. Relations presented: a) Magni­
tude Mw-Length: b) Magnitude Mw-Area. 
volumes for the flooding model (George, 2008). For this study we 
used only propagation at sea. 
Like other codes, (3 models the tsunami propagation from the 
source zone to a given coastal region and its consequent run-up 
using the NonLinear Shallow Water (NLSW) equations. In a Cartesian 
coordinate system these equations can be expressed as: 
Mass conservation equation: 
Momentum conservation equations: 
Where ?;is the free surface elevation above mean sea level; x andy 
represent the longitude and latitude of the earth; Tx and Ty are the 
bottom shear stress in x axis (pointing to the east) and y axis 
(pointing to the north); P and Q stand for the volume fluxes (P=Hu 
and Q=Hv with u and v being the depth-averaged velocities in 
the longitude and latitude direction); H is the total water depth 
Table 3 
Scaling relations obtained from compiled big outer-rise earthquakes (Table 2). Sc and 
Srn are the standard errors of c and m respectively. r2 is the determination coefficient 
and N the number of data used in the regression. 
Mw=c+m logl0 L  
Mw=c+m IOglOA 
3.89 
3.06 
Se 
0.63 
1.05 
rn 
1.89 
1.28 
Srn 
0.31 
0.29 
0.78 
0.66 
N 
12 
12 
(H = h +?;) with h being the water depth; f represents the Coriolis 
parameter; and g is the acceleration due to gravity. 
We used the topobathymetric database GEBCO_08 (GEBCO, 2(08) 
with a cell size of 30". The initial surface deformation was calculated 
using the parameters shown in Table 4 with the equations of Okada 
(1985). 
In Fig. 11 the result of the propagation numerical model of the 
worst case outer-rise fault is shown as maximum elevation of the 
wave and tsunami travel time. At first glance you can see how most 
of the wave energy is concentrated in front of the fault extent, while 
propagation to the rest of the ocean basin is almost negligible. The 
maximum elevations generated at the Nicaraguan coast exceed two 
meters in general, the maximum obtained being about 8 m. Moreover 
the travel time data shows how a wave generated in this type of local 
sources will take approximately 45 min to reach the coast in front of 
its location. However the source modeled in this particular work, be­
cause of its proximity to Costa Rica, shows travel times much shorter 
to the coast of the Nicoya peninsula, which would be affected by the 
waves in just over 20 min from its generation. This difference in travel 
time is because the speed of propagation is proportional to the depth. 
Thus, along the subduction trench, with depths close to 6000 m, the 
propagation velocity is considerably larger than in the continental 
shelf, with depths of less than 200 m. 
In Fig. 12 we show the maximum wave elevations (MWE) along 
the Central American coast at the bathymetric contour of 10 m 
depth for each of the modeled sources (the correspondent maps are 
shown in the supplementary data available online). Some common 
features can be extracted. Independently on the location of the source 
the maximum wave elevation is greater than 2 m, which can produce 
damaging inundations. Most of the source locations can produce 
wave elevations greater than 5 m. The affected areas span several 
hundreds of kilometers along the coast; from approximately 200 km 
(source OR-3) to around 500 km (source OR-1). 
Ifwe analyze the distribution of elevations contributed from all the 
source locations we can determine the coast areas which are the most 
exposed to the tsunami hazard. In Fig. 12 we show a graph displaying 
the mean and median maximum wave elevations from all the source 
locations. Some peaks and troughs are evident, and are common 
features in the maximum wave elevation results of different source 
locations. These features are marked with letters in Fig. 12. Some of 
the peaks and troughs seem to be related to submarine canyons on 
the continental slope (B, C, D, E, F, G, H?) while others are related to 
coastal morphology, like the area of the Gulf of Fonseca (I) or the 
Gulf of Papagayo in Costa Rica (K). 
5. Discussion 
Ifin low coupled subduction zones large interplate earthquakes are 
not likely (Christensen and Ruff, 1988; Conrad et al., 2004), we might 
think that these are areas with low tsunami risk. However, in these 
areas normal fault events are relatively common and are a potential 
source of tsunamis (Satake et al., 1992). Moreover, in subduction 
zones with low interplate coupling also tsunamigenic earthquakes can 
occur in the form of slow earthquakes or tSlll1ami-earthquakes ruptur­
ing the accretionary wedge (Ide et al., 1993; Pelayo and Wiens, 1992; 
Tanioka and Sataka, 1996). 
The subduction in Central America is low coupled (Alvarez-C6mez 
et al., 2008; Guzman-Speziale and G6mez-Gonzalez, 2006; Lyon-Den 
et al., 2006; Pacheco et al., 1993) and shows a high frequency of 
outer-rise normal earthquakes compared with the surrounding 
areas, as shown above. We should consider these outer-rise faults as 
probable sources of tsunamis in the future and perhaps as a potential 
cause of local tsunamis in the past, typically attributed to the subduc­
tion interface, similar to the 1992 Nicaragua tsunami earthquake 
(Ide et al., 1993; Imamura et al., 1993; Satake, 1994). 
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The most damaging tSlll1amis in Central America have been produced 
by local sources. The most recent records from which data are available, 
from the twentieth century onwards, show three major destructive 
events on the Padfic coast of Central America (Femandez and 
Alvarado-Delgado, 2005). These events are the tsunami of El Salvador, 
1902, the Aleutian tsunami of 1957 and the tsunami in Nicaragua in 1992. 
The Aleutian tsunami, the only destructive of the far events, 
produced damage mainly in the area of Acajutla in El Salvador 
(Femandez et al., 2000). This area has a clear tendency to amplifica­
tion of damage (Femandez et al., 2004), with a relative peak in the 
modeled wave elevations as shown in Fig. 12 (marked with the letter 
G). However, other areas that also have these peaks did not suffer the 
same damage with the same event. There may be other local effects 
of coastal amplification in the Acajutla area, or perhaps different 
characteristics of the Aleutian tsunami wave are the responsible. 
Detailed propagation and flooding models of this tsunami would be 
required to clarify this. 
Of the local tsunamis, the most damaging was the Nicaraguan 1992 
event. This tsunami was caused by a reverse fault type in the subduc­
tion interface. It was a tsunami earthquake that ruptured probably the 
shallowest section of the subduction interface (Satake, 1994; Velasco 
et al., 1994). Its effects were very destructive in Nicaragua, where 
wave heights reached more than 9 m, but the tsunami was recorded 
along the Salvadorian and Costa Rican pacific coast of Central America 
too (Baptista et al., 1993; Femandez and Alvarado-Delgado, 2005; 
Femandez et al., 2004; Satake et al., 1993). 
The tsunami of 1902 was more local, causing damage mainly in 
the area from the south of Guatemala (E, F in Fig. 12) to the cost of 
Fig. 10. Outer-rise tsunamigenic sources map. The sources with associated earthquake magnitudes Mw greater than 6.5 are shown. In black are depicted the sources with earth­
quake magnitudes Mw equal or greater than 7, and those with magnitudes Mw equal or greater than 7.5 are marked with arrows. The thick line on each polygon represents the 
surface trace of the fault as shown in Ranero et al. (2005). 
Table 4 
Parameters of the worst case outer rise seismic tsunamigenic source. The geographic 
location refers to the center of the rectangular rupture. 
Long. L>t. Depth Length Width Top Bottom 
(km) (km) (km) (km) (km) 
-87.443 10.812 15 85 42 0 30 
Strike Cl Dip Cl Rake Cl Slip (m) G (Nm-2) Mo (Nm) Mw 
315 45 -90 4.5 5.00E+01O 8.15E+020 7.9 
La Libertad in El Salvador, but with major damage in the area of Barra 
de Santiago and Acajutla (Fernandez, 2002; Larde y Larln, 2000) 
(Fig. 12, point G). The tsunami was triggered by an earthquake with 
magnitude Ms 7.4 (Pacheco and Sykes, 1992) but could have been 
due to one of these three main causes: a submarine landslide trig­
gered by the earthquake in one of the continental slope canyons lo­
cated off this part of the coast; a reverse fault earthquake in the 
subduction interface but smaller, or deeper, than in 1992; or an 
outer-rise normal fault earthquake as the modeled in this work. As 
shown in Fig. 12, the modeled sources OR-5 and OR-6 are capable of 
generating wave elevations of several meters in the 10 m depth 
bathymetric contour in the area affected by the 1902 tsunami. These 
elevations are sufficient to generate similar or higher run-up heights 
to those described for the event of 1902 and the extent of the coastal 
area affected is also similar to that described. 
As we have shown in the analysis of seismicity, these outer-rise 
normal fault earthquakes present a return period for events of magni­
tudes 7.0 Mw or above of 67 years on the Central America Trench. For 
an event of Mw 7.4 (equivalent to the earthquake of 1902) the return 
period is 173 years. Even assuming that the event of 1902 was the last 
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Fig. 11. a) Maximum wave elevation resulted from the propagation numerical model of 
the parameterized worst-case of the outer-rise faults offshore of Central America. 
Shading shows the wave elevation. dashed contours show the tsunami travel time 
from the source in minutes. dotted line shows the profile of plot b. b) Profile of maxi­
mum wave elevation (MWE) across a line perpendicular to the fault trace (dotted line 
in a). Same gray shading scale of the map a. Dashed line shows the position of the fault 
trace. 
damaging earthquake generated by these faults (110 years ago), the 
probability of occurrence of one of these events in the next decades 
is high based on their return period. Therefore they must be taken 
into account when conducting studies of tsunami hazard and defining 
probable future tsunami scenarios. 
According to Masson (1991) when the angle between the 
seafloor-spreading fabric on the incoming plate and the orientation 
of the trench is less than 30c the fabric is reactivated during bending 
and the outer-rise earthquakes are produced in these faults. If the 
angle is greater than 40c then new families of fracturing are generat­
ed. Ranero et al. (2005) show how this pattern of fracturing in the 
Central American subduction forms a small angle with the trench, 
therefore these faults are reactivated, being the potential cause of 
the outer-rise tsunamigenic earthquakes. Using the empirical rela­
tionships developed in this work we obtain a maximum earthquake 
of Mw 7.9 based on the dimensions of the faults. 
According to Ranero et al. (2005), when the subduction of the 
thickened oceanic crust of the Cocos Ridge takes place the bend 
faulting does not occur. If this is true, it is unlikely that a damaging 
tsunamigenic outer-rise earthquake could take place in the Cocos 
Ridge vicinity; although it is probable for the northern pacific coast 
of Central America, from Nicaragua to Guatemala and south of Mexico. 
The major faults, and then maybe the greatest potential for gener­
ating tsunamis, are located off the coast of Nicaragua. In this area the 
orientation of the outer-rise normal faults is very similar to the trench 
trend. The presence of these larger faults could indicate a better ori­
entation of the rupture planes to the local stress tensor in front ofNic­
aragua. The reactivation of this fracture pattern could then be more 
efficient where the faults and trench trends are more similar. Another 
simple explanation would be that as the seafloor fabric subducts 
oblique to the trench at El Salvador and Guatemala, the large fractures 
are intersected by the trench and covered by the upper plate. These 
faults, being subducted partially, would appear shorter than its actual 
length. If this were the case one might wonder whether even when 
partially subducted these fractures would be able to break as a contin­
uous segment giving rise to large earthquakes and tsunamis. In this 
case we could not rule out the occurrence of tsunamis similar to the 
worst case defined in this work offshore of El Salvador and Guatemala; 
and accordingly we modeled this worst case in different locations 
along the trench. 
The capability of these faults to generate ocean-wide tsunamis is 
low, however, they can produce significant tsunamis locally. Most 
damage is being produced in front of the fault, with wave elevations 
reaching several meters off the coast. It is interesting to point out 
the influence of the morphology of the continental slope in the tsuna­
mi damage. When analyzed together, the presence of wave elevation 
peaks and troughs in certain areas of the coast is evident. Several of 
these features may be related to the presence of submarine canyons, 
while others are related to the coastal morphology. 
The highest elevations for each modeled source are not necessarily 
located at the point opposite to its geometric center (Fig. 12), as 
expected under ideal conditions of regular bathymetry. This is only 
approximately true for sources located off the coast of Nicaragua, 
where the continental slope morphology is more regular. In all other 
sources there is an obvious difference between the center of the 
source and the highest elevation on the coast. In some cases, there is 
a trough opposite the central part of the fault (e.g. sources OR-6, 
OR-8; Fig. 12). From the point of view of the tsunami hazard it 
would be interesting to characterize in detail the influence of the ba­
thymetry in this area, not just the local shallow bathymetry, but also 
the regional bathymetry of the continental slope. Their influence on 
the maximum wave elevation is crucial. 
In front of the extent of the 1992 Nicaragua earthquake rupture 
there are a number of faults capable of generating major earthquakes 
and tsunamis (Fig. 12). In other parts of the world a relationship 
between the occurrence of interplate earthquakes and outer-rise 
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earthquakes has been described, especially in coupled subductions 
(Ammon et al., 2008; Christensen and Ruff, 1988). This occurrence 
is not only explained by a transfer of slab-pull forces towards the 
outer-rise in the postseismic phase of the seismic cycle of great 
interplate earthquakes (Spence, 1987), but also by the occurrence of 
static stress transfer to the outer-rise faults (Un and Stein, 2004; 
Mikumo et al., 2002; Raeesi and Atakan, 2009). It would be worth­
while to analyze the influence of the 1992 Nicaragua event on the 
outer-rise faults, even 20 years after its occurrence, to make a realistic 
estimate of the short term threat that these faults pose. 
6. Conclusions 
There is a high frequency of outer-rise normal earthquakes in the 
Central American subduction compared with the surrounding areas. 
We should consider these outer-rise faults as probable sources of tsu­
namis in the future and perhaps as a potential cause of local tsunamis 
in the past. The most damaging tsunamis in Central America have 
been produced by local sources. 
We have found that the strikes of the faults and of the nodal planes 
in the focal mechanisms are in the same range. The faults mapped by 
(Ranero et al., 2005) are then probably responsible for the outer-rise 
seismicity and the potential cause of tsunamigenic earthquakes. 
A maximum magnitude of Mw 7.9 has been obtained from these 
faults using an empirical relationship presented in this work. The 
scarcity of data from this type of events is compensated by the selec­
tion of truly representative events of this type of process. 
The b-value of the Gutenberg-Richter law for the magnitudes de­
rived from the fault dimensions is on the same range of the one 
obtained for the normal faulting seismicity. The values of the return 
period obtained from the outer-rise normal faulting seismicity range 
between 2 years for a magnitude 5.5 earthquake and 560 years for a 
magnitude 7.9 earthquake. The return period for a 7.4 magnitude 
earthquake is 173 years. Even if the tsunami of El Salvador in 1902 
had been produced by one of these outer-rise normal faults, consider­
ing the return period for a 7.4 earthquake, the probability of occur­
rence of one of these events in the next decades is high. 
The capability of these faults to generate ocean-wide tsunamis is 
low, however, they can produce significant tsunamis locally. Most 
damage is produced in front of the fault, with wave elevations 
reaching several meters at the coast. 
Independently on the location of the source along the trench, the 
maximum wave elevation produced is greater than 2 m, which can 
generate damaging inundations. Most of the source locations can 
produce wave elevations greater than 5 m. The affected areas span 
several hundreds of kilometers along the coast. The presence of 
wave elevation peaks and troughs in certain areas of the coast is relat­
ed with submarine canyons and coastal morphology. 
The major faults, and therefore the greatest potential for generat­
ing tsunamis, are located off the coast of Nicaragua; although we can­
not rule out the occurrence of similar tsunamis offshore of El Salvador 
and Guatemala. 
Supplementary data to this article can be found online at http:// 
dX.doi.org/1 0.1 016/j.tecto.2012.08.014. 
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